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that mitochondrial subpopulations are differentially affected in pathological settings (4, 11, 12, 22, 23, 32, 37, 44) . We previously reported that IFM are dysfunctional in type 1 diabetic cardiac tissue through mechanisms that include enhanced oxidative stress, decreased oxidative phosphorylation, decreased cardiolipin content, and decreased nuclear-encoded mitochondrial protein import (4, 11) . Further, we have observed alterations in type 1 diabetic mitochondrial proteomes, although the mechanisms accounting for the changes are not entirely clear (7, 17, 39, 40) . A large proportion of dysregulated proteins reside within the inner mitochondrial membrane (IMM) and may be associated with disruption of essential mitochondrial functions such as oxidative phosphorylation and protein import.
One particular protein of interest is the IMM phosphate transporter solute carrier family 25 member 3 protein (Slc25a3), which has been shown to be significantly decreased in abundance during a type 1 diabetic insult (4) . This transmembrane protein is essential for ATP production as it acts as a conduit for inorganic phosphate in its movement from the cytoplasm into the matrix, providing a substrate to fuel the F0F1-ATPase (20) . Decrements to Slc25a3 have been shown to exert deleterious effects on ATP production and cellular viability (2, 30, 34) . Clinically, patients with a homozygous mutation in the Slc25a3 gene display exercise intolerance, proximal muscle weakness, and cardiomyopathy (29) . Currently, the regulatory mechanisms accounting for reduced Slc25a3 abundance during type 1 diabetes mellitus have yet to be explored.
One potential set of regulatory mechanisms that may account for alterations to protein expression are microRNAs (miRNA), which are 21-23 nucleotide noncoding RNAs capable of posttranscriptional regulation. Originally described in Caenorhabditis elegans, miRNAs have been identified in many species including all vertebrates (43) . With the help of the RNA-induced silencing complex, miRNAs influence protein abundance by degrading or inhibiting the translation of the target mRNA (24) . The mode of action is thought to depend largely on the binding efficiency of the miRNA to the target mRNA. miRNAs exist in all parts of the body and have been implicated in many cellular processes (38) . miRNAs have been extensively studied in the context of cancer, heart failure, and cellular homeostasis (8, 41) . As an example, the miR-200 family (miR-200a, 200b, 200c, 141 , and 429) has been shown to modulate E-cadherin transcriptional repressors ZEB1 and SIP1, critical factors in epithelial to mesenchymal transition and tumor metastasis (16) . Interestingly, miR-141 and miR200c were shown to be upregulated in an acute hindlimb ischemic model of hypoxia, presumably through a mechanism of enhanced reactive oxygen species production (26) .
In this study, we evaluated the impact of type 1 diabetes mellitus on miRNA regulation in the heart. We performed broad scale analyses on 376 of the most abundant mouse miRNAs and found that miR-141 was the most significantly increased miRNA within the diabetic heart. Through miRNA target prediction analyses, we identified Slc25a3 as a potential target of miR-141. We then hypothesized that enhanced expression of miR-141 could negatively regulate Slc25a3 within cardiac mitochondria during diabetes mellitus and that a decrease in Slc25a3 would lead to diminished mitochondrial ATP synthesis rates.
MATERIALS AND METHODS
Experimental animals and diabetes induction. The animal experiments in this study conformed to National Institutes of Health Guidelines for the Care and Use of Laboratory Animals and were approved by the West Virginia University Animal Care and Use Committee. Male FVB mice (Jackson Laboratory, Bar Harbor, ME) were housed in the West Virginia University Health Sciences Center animal facility. Mice were given unlimited access to a rodent diet and water. Type 1 diabetes mellitus was induced in 5-wk-old mice following the protocol of the Animal Models of Diabetic Complications Consortium using multiple low-dose streptozotocin (STZ; Sigma, St. Louis, MO) injections as previously described (4, 11) . Briefly, injections of 50 mg/kg body wt STZ dissolved in sodium citrate buffer (pH 4.5) were performed daily for 5 consecutive days after 6 h of fasting. Mice that served as vehicle controls were given the same volume per body weight of sodium citrate buffer. One week postinjections, hyperglycemia was confirmed by measuring fasting blood glucose levels using a commercially available kit (Bayer, Mishiwaka, IN). Blood glucose levels Ͼ250 mg/dl were considered diabetic. Five weeks posthyperglycemia onset, animals were killed for further experimentation.
Preparation of individual mitochondrial subpopulations. At 5 wk posthyperglycemia onset, FVB mice were killed and their hearts were excised. Hearts were rinsed in PBS (pH 7.4) and then blotted dry. SSM and IFM were isolated as previously described following the methods of Palmer et al. (31) with minor modifications (4, 10 -12, 44 drial protein concentrations were determined using the Bradford method and BSA as a standard (5) .
Western blot analyses. SDS-PAGE was run on 4 -12% gradient gels as described previously (21), with equal amounts of protein loaded. Relative amounts of Slc25a3 were quantified in isolated mitochondrial subpopulations and HL-1 cells (a kind gift from Dr. William Claycomb) using an anti-Slc25a3 rabbit antibody (product no. 15855-AP; Proteintech, Chicago, IL) and anti-Slc25a3 goat antibody (product no. SC161226; Santa Cruz, Santa Cruz, CA), respectively. The secondary antibodies used in the analyses were a goat anti-rabbit IgG horseradish peroxidase conjugate (product no. 31463; Pierce Biotechnology, Rockford, IL) and a donkey anti-goat IgG horseradish peroxidase conjugate (product no. sc2020; Santa Cruz). Detection and quantitation of chemiluminescent signals were performed using a G:BOX (Syngene, Frederick, MD), and the data were expressed as arbitrary optical density units. Control for protein loading in isolated mitochondria was confirmed using a cyclooxygenase IV rabbit antibody (product no. ab16056; Abcam, Cambridge, MA), while control for protein loading in HL-1 cells was confirmed using an anti-GAPDH mouse antibody (product no. ab8245; Abcam) in conjunction with the secondary mouse antibody described above.
RNA isolation. Hearts were rinsed in PBS (pH 7.4) and then snap frozen in liquid nitrogen. Total RNA (small and large) was isolated from heart (25 mg) tissue using a miRNeasy mini kit per manufacturer's protocol (Qiagen, Valencia, CA). Total RNA quantification and purity were assessed using a Nanodrop ND-1000 (Thermo Fisher Scientific, Wilmington, DE). Samples were then stored at Ϫ80°C until further evaluation.
miRNA quantitative RT-PCR array. For miRNA quantitative RT-PCR (RTQ-PCR) analyses, enriched miRNA was converted to cDNA using a RT 2 miRNA First Strand kit (SABiosciences, Frederick, MD). cDNA samples were then used for the RT 2 miRNA PCR Whole Genome Array system (SABiosciences, Frederick, MD), allowing for simultaneous detection of 376 mouse miRNAs, which represented functional miRNAs, housekeeping genes (Rnu6, snoRNA, and PPC), and RNA quality controls (SABiosciences, Frederick, MD). The analyses were performed according to the manufacturer's protocol using a Taqman 7900HT system (Applied Biosystems, Foster City, CA) utilizing sequence detection systems software version 2.3 (SDS 2.3). Threshold cycles (C t) were used to determine miRNA copy number and levels of respective miRNAs. Relative quantitative (q)PCR expression was normalized to the expression of housekeeping genes using ⌬⌬C t methodology (25) .
Cell culture and plasmid transfection. Cells were grown at 37°C in a humidified atmosphere of 5% CO 2-95% air and maintained in DMEM (Cellgro, Manassas, VA; HEK293) or Claycomb media (Sigma Aldrich, St. Louis, MO; HL-1) with 10% FBS (Sigma). miRNA expression plasmids (pCMV-MIR) housing the mouse precursor sequence of miR-141 (5=-GGGUCCAUCUUCCAGUGCA-GUGUUGGAUGGUUGAAGUAUGAAGCUCCUAACACUGUC-UGGUAAAGAUGGCCC-3=, mature sequence in bold and underlined) and human miR-200c precursor sequence (5=-CCCUCGUCU-UACCCAGCAGUGUUUGGGUGCGGUUGGGAGUCUCUAAU-ACUGCCGGGUAAUGAUGGAGG-3=, mature sequence in bold and underlined) were utilized for transfection studies (Origene, Rockville, MD). Two micrograms of plasmid DNA were transfected using a FuGENE 6 transfection kit per the manufacturer's protocol (Promega, Madison, WI) in six-well culture plates. An Empty pCMV-MIR plasmid was used as a negative control (Origene, Rockville, MD). Seventy-two hours posttransfection, cells were washed with PBS and harvested in either 1ϫ RIPA buffer (Sigma) for protein-based experimentation or RNA lysis buffer (Origene) for RNA isolation.
miRNA targeting luciferase assay. The mouse Slc25a3 3=-untranslated region (UTR) 5=-TTTAAACTAGCGG CCGCTAGTCTTTA-TCTGCTTGTTGATCAGTGTTGTATATATTCTAGA-3= (target sequence in bold and underlined) was duplexed (Integrated DNA Technologies, Coralville, IA), cut by Pme1/Xba1, and ligated into the PmirGLO Dual-Luciferase miRNA Target Expression Vector for miRNA binding analyses. Then, 500 ng of Slc25a3 PmirGLO vector were cotransfected as described above with 500 ng of mouse miR-141, human miR-200c, or empty pCMV-MIR in triplicate in 12-well culture plates. Twenty-four hours posttransfection, luciferase activities were assayed with the Dual-Luciferase Reporter Assay System (Promega, Madison, WI) per manufacturer's protocol using a Flexstation 3 Luminometer (Molecular Devices, Sunnyvale, CA). Luciferase activity was quantified and reported as the ratio of firefly luciferase to Renilla luciferase.
RTQ-PCR analyses. Isolated total RNA from HL-1 cells was converted to cDNA using the miRNA First Strand cDNA synthesis kit (Origene) per the manufacturer's protocol. Briefly, 15 ng of cDNA sample, 0.5 M of human miR-141 primer pairs (Origene), and 2ϫ SYBR Green I qPCR Master Mix (Origene) were used to perform RTQ-PCR analysis using a Taqman 7900HT system (Applied Biosystems). RTQ-PCR was performed as follows: activation, 50°C for 2 min; presoak, 95°C for 10 min, followed by 42 cycles: denaturation, 95°C for 15 s; annealing 55°C for 10 s; and extension 72°C for 30 s.
Threshold cycles (C t) were used to determine miRNA copy number and levels of miR-141. Relative qPCR expression of miR-141 and Slc25a3 was normalized to the expression of GAPDH using the ⌬⌬Ct method as above (25) . Mitochondrial ATP synthase activity. ATP synthase activity was measured in mitochondrial subpopulations and cellular lysate as oligomycin-sensitive ATPase activity using an assay coupled with pyruvate kinase, which converts the ADP to ATP and produces pyruvate from phosphoenolpyruvate as previously described (10, 14, 33, 36) . Protein content was assessed as described above (5) with final values expressed as nanomoles consumed per minute per milligram of protein, which was equal to the nanomoles of NADH oxidized per minute per milligram of protein.
ATP content. Bioluminescent determination of ATP was performed as per the manufacturer's instructions, using a kit (Invitrogen, Carlsbad, CA). Briefly, cellular ATP was determined on a Molecular Devices luminescence plate reader and normalized to protein content.
Statistics. The means Ϯ SE were calculated for all data sets. Data were analyzed with a one-way ANOVA method to evaluate the main treatment effect, diabetes induction (GraphPad Software, La Jolla, CA). Fisher's least significant difference post hoc tests were performed to determine the significant differences among means. When appropriate, a Student's t-test was employed. P Ͻ 0.05 was considered significant.
RESULTS
miRNA alterations in the diabetic heart. To gain insight into how type 1 diabetes mellitus influences miRNA contents within the heart, we performed a broad scale RTQ-PCR analysis of 376 mouse miRNAs. Diabetic hearts displayed significant increases in 26 miRNAs and significant decreases in 3 miRNAs compared with control (Fig. 1A) . Among the most highly upregulated miRNAs within the diabetic hearts were miR-295 (ϳ5.3-fold, P Ͻ 0.03), miR-141 (ϳ5.1-fold, P Ͻ 0.002), miR-208b (ϳ4.1-fold, P Ͻ 0.0004), and miR-200c (ϳ2.9-fold, P Ͻ 0.05; Fig. 1B) .
Slc25a3 is a target of mir-141. Because miR-141 elicited the greatest combination of fold change and statistical significance in the diabetic heart compared with control, we focused upon genes that were potentially regulated by this specific miRNA. Using miRNA target predictor programs (MirBase, Target Scan, Microcosm), we were able to identify the mitochondrial phosphate carrier, Slc25a3, as a potential target of miR-141. Figure 2A highlights the putative recognition site of miR-141 and the Slc25a3 3=-UTR. Further, the miR-141 seeding sequence to the Slc25a3 3=-UTR was highly conserved across multiple vertebrate species including mouse, rat, human, and guinea pig (Fig. 2B) . High sequence homology and conserved vertebrate seeding regions are both positive indicators of potential miR-141 targeting and Slc25a3 regulation.
To determine whether miR-141 was able to effectively bind to the 3=-UTR of Slc25a3, we performed a cell-based luciferase reporter assay in which the Slc25a3 3=-UTR of miR-141 was cloned downstream of the firefly luciferase gene in the pMIR- GLO plasmid. To determine specificity of miR-141, the luciferase reporter plasmid was cotransfected into HEK293 cells with miR-141, miR-200c, or pCMV-MIR control. miR-200c contains a slightly different seeding region than miR-141 (Fig. 3A) ; therefore, it is not expected to bind with the 3=-UTR of Slc25a3. As shown in Fig. 3B , miR-141 was able to significantly reduce luciferase activity by 30%, whereas the control miRNA plasmid (pCMV-MIR) and miR-200c could not (Fig. 3B) control and diabetic hearts to determine if miR-141 upregulation correlated with decreased Slc25a3 mRNA levels and/or protein contents. Interestingly, mRNA levels of Slc25a3 were not significantly changed by diabetes mellitus compared with controls (Fig. 4) . Western blots analyses of mitochondrial subpopulations revealed a significant decrease in Slc25a3 protein content within diabetic IFM compared with control IFM (Fig. 5, B and D) with no significant change in the SSM subpopulation (Fig. 5, A and C) . The results suggest that if miR-141 regulates Slc25a3, it is through a mechanism of translational repression and not transcriptional degradation. Further, the effect seems to impact the IFM subpopulation specifically.
We examined whether loss of Slc25a3 would influence mitochondrial functionally through analysis of ATP synthase activity. The ATP synthase is able to create ATP by utilizing essential substrates ADP and phosphate, which are translocated into the mitochondrial matrix through adenine nucleotide transporter (ANT) and Slc25a3, respectively (Fig. 6A) . ATP synthase activity within the diabetic IFM was significantly decreased compared with control, correlating with decreased Slc25a3 levels (Fig. 6C) . Diabetic SSM ATP synthase activity was not significantly changed compared with control (Fig. 6B) .
miR-141 directly regulates Slc25a3. To determine whether miR-141 directly regulates Slc25a3 expression, we performed miR-141 overexpression studies using HL-1 cells. The HL-1 cell line is derived from a cardiac muscle cell line and retains a phenotype that is similar to adult cardiomyocytes (9) . Transient transfections increased miR-141 mRNA expression by ϳ300 fold compared with control in HL-1 cells (Fig. 7A) . miR-141 overexpression did not significantly change Slc25a3 mRNA expression levels compared with control (Fig. 7B) . However, protein expression of Slc25a3 was significantly decreased (70%) in miR-141 HL-1 cells 72 h posttransfection compared with control (Fig. 7, C and D) . These results corroborate the findings observed in the diabetic heart and indicate that miR-141 action is through translational repression. Functionally, ATP synthase activity and ATP contents were significantly decreased within miR-141 overexpressing cells (Fig. 8,  A and B) indicating that overexpression of miR-141 has functional implications for mitochondrial ATP production through a mechanism of decreased inorganic phosphate transport.
DISCUSSION
Mitochondrial dysfunction is known to play a central role in the pathogenesis of diabetic cardiomyopathy. Proteomic dysregulation is associated with mitochondrial and subsequently, cardiac dysfunction observed in type 1 diabetic models (11) . Nevertheless, identification of the mechanisms involved remains limited. miRNAs are capable of posttranscriptional and translational repression, making them attractive for testing hypothesized mechanisms of proteomic dysregulation. Therefore, the goal of this study was to determine the impact of diabetes mellitus on miRNA contents in the heart. Further, we wanted to identify specific mitochondrial proteomic targets whose contents were influenced during diabetes mellitus and could be influenced by miRNAs. To accomplish this goal, we performed a broad scale RTQ-PCR miRNA analysis from the hearts of control and STZ-treated mice to evaluate miRNA dysregulation resulting from diabetes mellitus.
Because miRNAs have the ability to modulate physiological processes through the regulation of specific target genes, studies have begun to elucidate how miRNAs regulate essential processes within the heart during pathologies (13) . RTQ-PCR analysis of 376 of the most abundant miRNAs revealed increases in 26 of the 29 significantly altered miRNAs in the diabetic heart. Four miRNAs that displayed the highest fold change increases were miR-295, miR-141, miR-208b, and miR-200c. The miR-208 family has been identified as regulators of cardiac contractility through the regulation of ␤-myosin heavy chain expression within the heart (42). Interestingly, cardiac myosin heavy chain switching from ␣ to ␤ has been shown in multiple type 1 and type 2 diabetic models implicating miR-208b as a potential key regulator of heart function during diabetic cardiomyopathy (3) . Further research into the impact of miR-208 expression on cardiac myosin heavy chain switching during diabetes mellitus is warranted.
miRNA family members miR-141 and miR-200c, which are located on chromosome 6 in the mouse genome (19) , were significantly increased in the diabetic heart compared with control by approximately fivefold and threefold, respectively. Because miR-141 displayed the greatest combination of fold change and significant difference in the diabetic heart compared with control, we focused on identifying nuclear-encoded mitochondrial genes that could potentially be regulated by this miRNA. (26) . Additional evidence is provided by an acute hindlimb ischemia model of oxidative stress, which was also associated with elevated miR-141 and miR-200c levels. Our laboratory and others have shown that diabetic mitochondria display increased reactive oxygen species levels and oxidative damage, suggesting a potential mechanism accounting for the elevation of miR-141 during type 1 diabetic insult (11, 17, 35) . miR-141 overexpression studies were carried out to validate target gene (Slc25a3) repression. As expected, enhanced levels of miR-141 significantly decreased Slc25a3 protein content by 50% and decreased mitochondrial ATP synthesis rates. Multiple studies have linked detriments to Slc25a3 with decreased ATP synthesis in the mitochondrion, highlighting the critical role phosphate transport plays in mitochondrial energy production (2, 30, 34) . Most notably, patients with mitochondrial phosphate-carrier deficiency display decreased ATP synthesis in muscle mitochondria, which correlates with hypertrophic cardiomyopathy and diminished cardiac output (28) . It should be noted that changes in proteins other than Slc25a3, such as ANT, which mediates the exchange of ADP and ATP across the IMM, can influence ATP levels in the cell. Mice possess three ANT isoforms, ANT1, which is expressed primarily in heart and skeletal muscle, ANT2, which is expressed in most tissues, and ANT4, which is located primarily in the testis (6) . Previous proteomic analyses from our laboratory indicate that the major cardiac ANT isoforms (ANT1 and ANT2) are not significantly impacted as a result of type 1 diabetic insult (4).
Cardiac and skeletal muscle contain two spatially distinct mitochondrial subpopulations, SSM located beneath the sarcolemma and IFM situated between the myofibrils (31). Interestingly, miR-141 overexpression within the diabetic heart correlated with decreased protein content of Slc25a3 as well as decreased ATP synthase activity only within cardiac IFM. These results were somewhat unexpected as our assumption was that Slc25a3 would be decreased within both mitochondrial subpopulations. It should be noted that mitochondrial isolation procedures, in general, can result in some selection of more/less viable mitochondria, which represent a potential limitation of these analyses. In addition, because physiological and pathological states have been associated with differential proteomic responses of mitochondrial subpopulations in cardiac and skeletal muscle tissue (1, 4, 11, 18, 23, 44) , mechanisms other than miRNAs need to be considered, such as altered nuclear-encoded mitochondrial protein import or enhanced posttranslational modifications as previously reported (4) . Nevertheless, future studies dedicated to elucidating the regulatory role of miRNAs in the context of individual mitochondrial subpopulations is warranted.
In conclusion, these findings indicate that pathologies, such as diabetic cardiomyopathy, have the ability to alter mitochondrial specific proteins through differential expression of miRNAs. Specifically, we report for the first time that miR-141 is significantly upregulated within the diabetic heart and is capable of regulating the mitochondrial phosphate carrier Slc25a3. Perturbation of mitochondrial energy production via miR-141 could be a potential mechanism accounting for mitochondrial dysfunction and the pathogenesis of the diabetic heart.
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